Abstract. radiation-induced pulmonary injury is a severe complication affecting the quality of life of patients. although the pathophysiology of the process is not fully understood, we hypothesized that it is potentially related to macrophages and their secretion of matrix metalloproteinase-9 (MMP-9). Macrophages are a type of inflammatory cell that synthesize hundreds of bioactive substances and enzymes. MMP-9 is closely involved in the maintenance of the basilar membrane, and leads to increased extracellular matrix deposition within the lung, which is a characteristic feature of radiation-induced lung fibrosis. We examined the role of ionizing radiation in modulating the production of MMP-9 in a macrophage cell line. RAW264.7 cells were irradiated with various doses of γ-rays, and then MMP-9 and tissue inhibitor of metalloproteinase-1 (TiMP-1) levels were determined at several time points. rT-Pcr revealed a marked increase in the levels of MMP-9 mRNA, which peaked at 24 h post-irradiation and had begun to decline by 48 h. By contrast, TIMP-1 mRNA experienced only a slight increase at 24 h post-irradiation, reaching significance at 48 h post-irradiation. Western blot analysis demonstrated an increased expression of MMP-9 protein in the irradiated cells, while TiMP-1 protein levels were not notably changed. dexamethasone inhibited the increased expression of MMP-9 protein induced by ionizing radiation. These results indicate that MMP-9 expression by RAW264.7 cells, and an imbalance between MMP-9 and TiMP-1, may be involved in radiation-induced lung injury.
Introduction
radiation therapy is very important in the treatment of malignant neoplasms, especially those of the thorax. The lungs are relatively radiosensitive, making them the dose-limiting organ in therapeutic radiation. radiation-induced pulmonary injury is a common complication of radiotherapy (1) , and its precise pathophysiological mechanisms have yet to be established. Since macrophages produce numerous bioactive substances (2) , rubin et al (3) proposed that the inflammatory process involves an interplay of cellular interactions, a perpetual cascade of cytokines involved in radiation-induced pulmonary injury, including tumor necrosis factor-α (TnF-α), interleukin-1β (il-1β), interleukin-6 (IL-6) and tumor growth factor-β (TGF-β). it has been suggested that the disruption and alteration of the basement membrane plays a role in radiation-induced pulmonary injury (4) . Matrix metalloproteinases (MMPs) are a large family of related proteolytic enzymes (5) . MMP-2 and -9 are capable of degrading several components of the basement membrane in the lung interstitial matrix, including type IV collagen and fibronectin. They play a key role in the alteration of the basement membrane and in maintaining the integrity of the lung alveolar wall. MMP-2 is produced by endothelial cells. MMP-9 is produced by inflammatory cells, such as macrophages (6,7), and not only promotes cellular migration, but activates cytokines such as TnF-α and il-1β. Yang et al (8) suggested that the overexpression of MMP-2 and -9 is involved in the inflammatory response of radiation-induced lung injury in vivo.
in previous studies, macrophages were found to be radioresistant and cell function was not affected by high-dose irradiation (9) . McKinney et al (10) reported that γ-irradiation (0.5-10 Gy) alone did not induce nitric oxide (no) production in J774.1 and RAW264.7 murine macrophages. However, human alveolar macrophages have been shown to release il-1 within hours of irradiation in vitro (11) , and low-dose irradiation to induce IL-1 and IL-6 expression in mouse macrophages in vitro (12) . araya et al (4) found that ionizing radiation enhanced the expression of MMP-2 in human lung epithelial cells in vitro, suggesting that MMP-2 is involved in radiation-induced lung injury. However, whether ionizing radiation stimulates macrophage cells in vitro to produce MMP-9 has yet to be determined. Therefore, in the present study, we analyzed the effect of ionizing radiation on the expression of MMP-9 and tissue inhibitor of metalloproteinase-1 (TiMP-1) in RAW264.7 cells.
Materials and methods
Materials. cell culture dishes were purchased from corning Inc. (Corning, NY, uSA). Anti-MMP-9 (H-129) was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, uSA). Anti-TIMP-1 (g-94) was purchased from Bioworld Technology, inc. (Minneapolis, Mn, uSa ). a real-time Pcr kit was purchased from Toyobo (osaka, Japan), including reverTra ace-α (FSK-100) and SYBR green real-time PCR master mix-plus-(QPK-212). dex was purchased from Sigma (St. louis, Mo, uSa).
Cell line and culture conditions. RAW 264.7 cells were obtained from the Cell Culture and Collection Center of Wuhan university. The cells were cultured in dMeM supplemented with 10% heat-inactivated FBS, 1% penicillin-streptomycin and 1% glutamine at 37˚C in a 5% Co 2 atmosphere. The cells were placed in 35-mm dishes (1x10 6 ), washed with phosphate buffered saline (PBS), and then incubated in serum-free dMeM with 1% penicillin-streptomycin and 1% glutamine for 24 h. upon reaching 80% confluence, cells were used in the following experiments.
Cell irradiation. Monolayer cultures of RAW264.7 cells were irradiated at room temperature using a co 60 γ-ray unit at doses of 0, 5, 10 and 20 Gy (at 1.39 Gy/minimum absorbed dose). After irradiation, the RAW264.7 cell cultures were returned to the incubator. The cell lysate was collected at different time points, and the levels of MMP-9 and TiMP-1 were estimated.
RT-PCR of MMP-9 and TIMP-1 mRNA. rT-Pcr was used to determine the mrna expression of MMP-9 and TiMP-1 with gAPDH as an internal control. Total RNA was obtained using a commercial kit (Toyobo) according to the manufacturer's instructions. To obtain cdna, 2 µg of total rna were added to a 20-µl reaction mixture containing 2 µl RNA, 4 µl 5X RT Buffer (25 mMMg), 2 µl dNTP (10 mM), 1 µl oligo(dT)20 (10 pmol/µl), 9 µl RNase free H 2 o, 1 µl rnase inhibitor (10 u/ µl) and 1 µl reverTra ace. Pcr primers for mouse MMP-9 and gAPDH were as follows: MMP-9, 5'-AAgggTACAgCC TGTTccTGGT-3' (forward) and 5'-cTGGaTGccGTcTaT gTCgTCT-3' (reverse); gAPDH, 5'-CCgTgAAAAgAT GacccaG-3' (forward) and 5'-TaGccacGcTcGGTc Agg-3' (reverse); mouse TIMP-1, 5'-CCAgAAATCAACgAg accacc-3' (forward) and 5'-TacGccaGGGaaccaaG aaG-3' (reverse). Pcr was performed with 2.5 µl of cdna and 0.2 mM primers using the following touchdown Pcr protocol: 2 cycles of PCR at 95˚C for 15 sec, 58˚C for 15 sec and 72˚C for 45 sec, followed by 40 cycles (MMP-9) or 40 cycles (gAPDH) of PCR at 95˚C for 15 sec, 58˚C for 15 sec and 72˚C for 45 sec, 2 cycles of PCR at 95˚C for 15 sec, 59˚C for 15 sec and 72˚C for 45 sec, followed by a final 40 cycles (TiMP-1) of Pcr. analysis of relative gene expression data was performed using real-time quantitative Pcr and the 2 -∆∆cT method.
Measurement of MMP-9 by Western blot analysis.
The levels of MMP-9 protein in the cell lysate were measured by Western blotting. Cell lysate was heated at 100˚C for 3 min, subjected to 10% SdS-PaGe and transferred to nitrocellulose membranes with incubation overnight at 4˚C in Tris buffer containing 5% non-fat dried milk. Subsequently, the membranes were incubated with the primary antibody to MMP-9 (1:200; H-129), followed by secondary antibody (1:3,000; goat anti-rabbit HRP-conjugated Ab) and developed by eCL according to the manufacturer's instructions.
Measurement of TIMP-1 by Western blot analysis.
The cell lysate was heated at 100˚C for 3 min, separated in 10% SdS-PaGe and transferred to nitrocellulose membranes. The membranes were incubated first with primary antibody to TIMP-1 (1:500; g-94) and then with secondary antibody (1:3,000; goat anti-rabbit HRP-conjugated Ab), after which the bands were identified with eCL reagent according to the manufacturer's protocol.
Data analysis. all experiments were repeated three times. comparisons were made using one-way anoVa with Fisher's post hoc test. differences between means were evaluated with the Student's t-test. a P-value of <0.05 was considered significant.
Results
Radiation enhances MMP-9 mRNA and protein expression in RAW264.7 cells. To determine whether radiation is a sufficient stimulus for the induction of MMP-9 production, RAW264.7 cells were irradiated at 0, 5, 10 and 20 Gy. Total rna was assayed at 6, 12, 24 and 48 h post-irradiation. After treatment with 5-10 Gy of γ-irradiation, MMP-9 expression in the RAW264.7 cells was significantly increased. At the various time points, total rna was collected from irradiated and nonirradiated cells. MMP-9 mrna was analyzed using real-time Pcr. Fig. 1 shows that there were increased levels of MMP-9 mrna in the irradiated compared to the non-irradiated cells. MMP-9 expression was most pronounced in cells treated with 10 gy irradiation, and began to decline at 20 gy. A significant increase in MMP-9 expression was observed starting at 6 h post-irradiation. expression began to decrease at 12 h postirradiation, but remained higher than in the non-irradiated cells. Peak levels were reached 24 h after the initial exposure to ionizing radiation. At 48 h, MMP-9 levels began to decline. These results indicate that ionizing radiation increases the expression of MMP-9 mRNA. To confirm the results, MMP-9 protein levels were determined using Western blotting. At the various time points, total protein was collected from irradiated and non-irradiated cells. Fig. 2 indicates that the results were consistent with those of the MMP-9 mrna.
Radiation moderately increases TIMP-1 mRNA expression, but not TIMP-1 protein expression, in RAW264.7 cells.
TIMP-1 transcript levels were determined in RAW264.7 cells irradiated at 0, 5, 10 and 20 Gy. a slight increase in TiMP-1 mRNA transcript levels was observed at 24 h post-irradiation. as shown in Fig. 3 , unlike MMP-9, TiMP-1 mrna transcript levels were not significantly altered at 6, 12 or 24 h post-irradiaton in the irradiated compared to the non-irradiated cells; significance was only achieved at 48 h post-irradiaton. To determine whether the changes in TiMP-1 mrna transcript levels coincided with protein production, TiMP-1 protein levels in serum-free media were determined using Western blotting. Fig. 4 indicates that there was no apparent increase in TIMP-1 protein levels at 48 h post-irradiation (Fig. 4) , perhaps due to an in vitro post-translational modification of the protein. . effect of dexamethasone on MMP-9 production in ionizing radiation-stimulated RAW264.7 cells. Dexamethasone (1 µM) was added to serum-free defined medium 1 h before treatment with 10 gy ionizing radiation. Cells were cultured for an additional 24 h, then total protein was collected and was subjected to Western blotting. Lane 1, blank control; Lane 2, irradiation; Lane 3, Dex+irradiation. Values are the means ± SD (n=3). * P<0.05, significant difference between cells treated with dexamethasone and irradiation compared to cells treated with irradiation alone.
Dexamethasone suppresses the increase in MMP-9 expression induced by ionizing radiation in RAW264.7 cells. Since dex is the primary drug used in the treatment of radiation pneumonitis, we examined its effect on the production of MMP-9 after ionizing radiation. dex inhibited the increase in MMP-9 production caused by exposure to radiation (Fig. 5) 24 h after the initial exposure at 10 gy.
Discussion
Pneumonitis involves the aggregation of inflammatory cells and the degradation of extracellular matrix (ecM) components. Macrophages are the most important inflammatory effector cells and accumulate at sites of inflammation (13) . MMP-9 and TiMP-1 play an important role in the regulation, turnover and remodeling of the ecM (5), and are therefore considered to play a crucial role in the pathophysiology of pulmonary inflammation and fibrosis (8, (14) (15) (16) , in particular the overexpression of alveolar macrophage MMP-9 (16) . in the present study, radiation had a dramatic effect on the up-regulation of MMP-9 protein, but did not affect TiMP-1 protein levels in the RWA264.7 cells. This suggests a disruption in the balance of MMP-9/TiMP-1, which leads to the excessive degradation of the ecM in the local lung environment, facilitating the influx of inflammatory cells. MMP-9 promotes cellular migration (17) and activates cytokines such as TnF-α and il-1β (18) . il-1β (19) and TnF-α (20) play an important role in radiation-induced lung injury and, in RAW264.7 cells, regulate the expression of MMP-9, which may enhance the inflammatory response. We suggest that MMP-9 participates in and aggravates radiation-induced lung injury. In other types of lung inflammation, it was reported that non-selective MMP inhibitor reduced the development of bleomycin-induced fibrosis (21) and ventilator-induced lung injury (22) in mice.
it is believed that the production of MMP-9 is associated with a number of factors, such as the transcription factors aP-1 and nuclear factor-κB (NF-κB) (23, 24) , reactive oxygen species (roS) (19) , il-1β (19) and TnF-α (25) . For macrophages, ionizing radiation activates transcription genes, such as nF-κB (26, 27) , and induces the production of RoS (28), TnF-α and il-1 (10-12). The MMP-9 gene promoter region contains a nF-κB motif (29); we therefore speculate that MMP-9 synthesis is closely related to nF-κB expression. At 24 h post-irradiation, the production of MMP-9 reached its peak. MMP-9 expression may be associated with TnF-α, since TnF-α is a key modulator of MMP-9. McKinney et al (10) found that TnF-α was not produced until 24 h postionizing radiation, and presented transiently. nevertheless, in the present study, by 48 h post-irradiation, MMP-9 levels were slightly decreased. We therefore suggest that radiation damages dna and alters signal transduction, and that these changes may affect the regulation MMP-9 expression. in irradiated cells, there was no apparent increase in TiMP-1 protein levels at 48 h post-irradiation. This may be related to an in vitro post-translational modification of the protein. TiMP-1 expression in different cell lines may vary, and the mechanisms of its expression require further study.
according to previous studies, macrophages are radioresistant cells whose cell functions are not affected by high-dose irradiation (9) . McKinney et al (10) reported that γ-irradiation (0.5-10 gy) alone did not induce No production in J774.1 and RAW264.7 murine macrophages. However, in our experiment, macrophages activated by ionizing radiation led to functional changes.
in this study, we did not investigate the activity of MMP-9. The functions of MMP-9 in relation to TiMP-1 in radiationinduced pulmonary fibrosis require further clarification. However, our findings suggest that ionizing radiation enhances the expression of MMP-9 in RWA264.7 cells, and that cell functions were affected by irradiation. The clinical application of dex is a fundamental treatment for radiation-induced pulmonary injury (1) . our data indicate that dex is a potent inhibitor of MMP-9 protein expression induced by ionizing radiation. Taken together, the results of the present study support the hypothesis that MMP-9 producion by RAW264.7 cells may be deeply involved in acute lung injury due to radiation exposure. The mechanisms by which radiation stimulates MMP-9 production in RAW264.7 have yet to be elucidated; further study is required to determine the exact biochemical pathways responsible for each step of stimulation.
